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Melanosomes are specialized organelles that undergo
a dynamic process of transport along the melanocyte
dendrite to the dendrite tip and transfer to keratino-
cytes. We hypothesized that soluble N-ethylmalei-
mide-sensitive factor attachment protein receptors
(SNARE), which are involved in membrane fusion,
and rab3a, a GTP-binding protein involved in exocy-
tosis in neuronal cells and in SNARE complex
assembly, may play a part in melanosome transport
and transfer. By reverse transcription±polymerase
chain reaction we identi®ed transcripts for rab3a,
vesicle-associated membrane protein-2, synapto-
some-associated proteins of 23 kDa and 25 kDa, and
syntaxin-4 in murine melanocytic cells. We also
showed that puri®ed melanosome preparations con-
tain rab3a and SNARE, including vesicle-associated
membrane protein-2, syntaxin-4, synaptosome-asso-
ciated proteins 23 kDa and 25 kDa, and the SNARE
accessory protein, a-soluble N-ethylmaleimide-sensi-
tive factor attachment protein. Ultraviolet radiation
is a potent stimulus for melanosome transport and
transfer. We show that ultraviolet radiation rapidly
suppresses melanosome-associated rab3a expression
and that this occurs at the protein and mRNA level.
Finally, we show that vesicle-associated membrane
protein-2 and synaptosome-associated protein 23 kDa
coimmunoprecipitate from puri®ed melanocytic cell
membranes, suggesting that they form complexes.
The presence of rab3a and SNARE on melanosomes,
and of SNARE complexes in melanocytic cell mem-
branes suggests that these proteins play a part in tar-
geting melanosomes to the plasma membrane, to
melanosome transfer to keratinocytes, or both. Key
words: melanocyte/melanosomes/rab3a/SNARES/transfer.
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A
unique function of the melanocyte±keratinocyte unit
is the process of melanosome transfer. Melanocytes
are pigment producing cells derived from the neural
crest that reside in the basal layer of the epidermis,
and extend multiple long dendritic processes towards
epidermal keratinocytes. Melanosomes are melanocyte-speci®c
membrane bound organelles that arise from coated vesicles from
the Golgi apparatus and share a biosynthetic pathway with
lysosomes (Maul and Brumbaugh, 1971; Zhou et al, 1993; Diment
et al, 1995). Melanosome transport along the dendrite is mediated
in part by microtubular proteins that translocate melanosomes to
dendritic tips, and myosin V, which traps melanosomes at the actin-
rich periphery of the dendrite (Provance et al, 1996; Wei et al,
1997; Wu et al, 1997, 1998). The mechanisms underlying
melanosome transfer are less well understood and may occur
through a combination of processes, including phagocytosis of the
melanocyte dendrite, exocytosis of the melanosome with uptake by
keratinocytes, or both (Cohen and Szabo, 1967; Wolff, 1973;
Yamamoto and Bhawan, 1994). Little is known about melanosome
transfer at the molecular level, but membrane fusion between the
melanosome and the plasma membrane of the melanocyte dendrite
or the keratinocyte membrane during the process of transfer is
likely to be involved. Rab3a and the SNARE (soluble N-
ethylmaleimide-sensitive factor attachment protein receptors)
family of proteins are involved in vesicle transport and docking
(rab3a) and membrane fusion (SNARE). Because of the compelling
role of rab3a and SNARE proteins in regulated exocytosis in
neuronal cells and in other cell types, we investigated the
expression and regulation of these proteins by ultraviolet (UV)
irradiation in melanosomes.
The rab family of GTP-binding proteins regulate vesicle
transport as well as exocytosis (for review, see Jahn, 1999) and
consist of over 30 proteins that localize to the surface of organelles
involved in vectorial transport. At least 17 rab cDNA have been
identi®ed in melanocytic cells by polymerase chain reaction (PCR)
analysis (Chen et al, 1996, 1997) and Gomez et al1 have implicated
rab7 and rab5 in the transport of tyrosinase-related protein-1
(TRP-1) through the Golgi stack to the melanosome. Rab3a is
primarily expressed in neurons and endocrine cells, and has
signi®cant homology to the yeast Sec4 protein, which is required
for vesicular traf®c from the trans-Golgi network to the plasma
membrane (for review, see Henry et al, 1996). Rab3a is located on
the cytoplasmic surface of secretory granules or synaptic vesicles
and like other rab proteins is isoprenylated on cysteine residues in
the carboxy terminus by geranylgeranyl transferase II, which
stabilizes membrane attachment (Desnoyers et al, 1996). Rab3a has
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been shown to be critical for exocytosis of synaptic vesicles in
neurons, secretion from pancreatic b-cells, granule secretion in
mast cells and zymogen secretion from pancreatic acinar cells
(Pad®eld et al, 1992; Senyshyn et al, 1992; Law et al, 1993; Holz
et al, 1994; Jena et al, 1994; Regazzi et al, 1996). Rabphilin is a
downstream effector molecule of rab3a and binds to the GTP-
bound form of rab3a, as well as to a-actinin and b-adducin (Kato
et al, 1996; Shirataki et al, 1993; Mivazaki et al, 1994). It is highly
concentrated on synaptic vesicles and functions with rab3a in Ca2+-
dependent exocytosis. Rabphilin possesses sequence similarity with
synaptotagmin, a Ca2+ sensor protein. Three alternative rab3a
effector molecules have been identi®ed termed NOC2, RIM, and
rabin3 (Brondyk et al, 1995; Kotake et al, 1997; Wang et al, 1997;
Kato et al, 1997).
Whereas rab proteins determine vectorial transport and docking
of vesicles among various cellular compartments, the SNARE
family of proteins provides the apparatus necessary for the fusion of
vesicle and target membranes (for review, see Linial, 1997).
SNAREs were originally found in neurons and yeast, but homologs
of the yeast and neuronal SNARE proteins have been identi®ed in
non-neuronal cells, including epithelial cells, platelets, adipose cells,
pancreatic acinar cells, and other tissues (Cain et al, 1992; Wheeler
et al, 1996; Ikebuchi et al, 1998; Quintanar et al, 1998; Rea et al,
1998; Flaumenhaft et al, 1999). SNAREs are mostly membrane-
anchored proteins that share a common motif of approximately 60
amino acids. Synaptotagmins are a family of proteins that interact
with the core SNARE complex and bind Ca2+. The binding of
synaptotagmin to Ca2+ is believed to be crucial for the Ca2+
dependence of synaptic vesicle release, and results in the
penetration of synaptotagmin into membranes and drives assembly
of synaptotagmin into the SNARE complex (Davis et al, 1999).
Direct binding interactions between SNARE proteins in combina-
tion with accessory soluble proteins (such as synaptotagmin) result
in the formation of a stable complex that acts as a receptor for a-
SNAP [soluble N-ethylmaleimide-sensitive factor (NSF) attach-
ment protein]. In the presence of NSF, a 20S particle is formed and
following hydrolysis of adenosine triphosphate (ATP) by NSF, the
SNARE complex is disrupted, which may facilitate membrane
fusion (Sollner et al, 1993; Pevsner et al, 1994). SNAP and NSF are
universally shared cofactors for SNARE reactions and are required
for all fusion events. The speci®city of the membrane fusion
reaction is provided by the SNARE proteins that serve as
membrane receptors. On the basis of their localization on either
vesicle or target membranes, SNAREs were originally classi®ed as
either vesicle SNAREs or target SNAREs. The prototype vesicle
SNARE consists of the VAMP (vesicle-associated membrane
protein)/synaptobrevin) family of proteins of which eight isoforms
have been identi®ed. VAMPs are small (18 kDa) proteins that
anchor to the cytoplasmic surface of the vesicle by a carboxyl-
terminal transmembrane domain. VAMP-1 is primarily present on
synaptic vesicles, whereas VAMP-2 and VAMP-3 have been
identi®ed in fat and muscle tissues and in secretory cells (Gaisano
et al, 1994; Volchuk et al, 1994, 1995; Nielsen et al, 1995; Timmers
et al, 1996; Wheeler et al, 1996). Recently a splice isoform of
VAMP-1 has been described (VAMP-1b), which contains a
mitochondrial targeting signal (Isenmann et al, 1998). Using PCR
analysis, VAMP-1a is exclusively present in brain tissue, whereas
VAMP-1b is present in endothelial cell lines and other non-
neuroneal cell lines (Isenmann et al, 1998). Syntaxins are target
SNAREs of which 17 isoforms have been identi®ed to date.
Syntaxins are approximately 35 kDa membrane proteins that
localize to the plasma membrane and in the case of syntaxin-1
and syntaxin-4, have been shown to bind the VAMP family of
proteins. SNAP-25 (synaptosome-associated protein of 25 kDa) is a
plasma membrane protein identi®ed on developing and mature
neurons that associates with syntaxin and VAMP, as well as
synaptotagmin, to regulate exocytosis in neuroneal cells, as well as
axonal extension in developing neurons (Osen-Sand et al, 1993).
Two SNAP-25 isoforms (a and b) have been identi®ed in chicken,
human, and mouse tissue (Bark, 1993; Bark and Wilson, 1994).
These two isoforms differ by only nine amino acids and are
generated by alternative splicing of exons 5a and 5b. SNAP-23 is
59% identical and 72% similar to SNAP-25 at the amino acid level
(Ravichandran et al, 1996) and the regions of highest homology of
SNAP-23 to SNAP-25 reside in the amino- and carboxyl-terminal
thirds of the SNAP-23 protein. SNAP-23 has been reported to
replace SNAP-25 in the process of insulin secretion when it is
overexpressed (Sadoul et al, 1997), to mediate mast cell secretion,
and to play a part in vesicle transport in non-neuronal cell types
(Guo et al, 1998).
Whereas rab proteins are not components of the SNARE
complex, they, or their effector molecules, participate in
SNARE assembly, membrane fusion, and speci®city of vesicle
and target membrane fusion (Lian et al, 1994; Sogaard et al, 1994;
Lupashin and Waters, 1997; McBride et al, 1999). Rab3a in
particular has been shown to regulate the formation and stability of
the SNARE complex (Johannes et al, 1996). Because melanosome
transfer to keratinocytes may be conceptualized as an exocytotic
process and because melanocytes are derived from the neural crest,
it may be expected that SNARE proteins would be expressed in
melanocytic cells and would play a part in melanosome dynamics.
Because rab3a has been implicated in exocytosis in neuroendocrine
cells as well as other cell types and has been implicated in SNARE
assembly, we determined its expression and regulation by UV
radiation, a potent stimulus for melanosome transfer. Finally, we
studied VAMP-2 and SNAP-23 association in irradiated melano-
cytic cells. Our results show that SNARE proteins and rab3a are
present in enriched melanosome fractions and that UV radiation
regulates rab3a expression. We also show that the vesicle and target
SNARE proteins VAMP-2 and SNAP-23 are associated in UV-
radiated melanocytic cells. These ®ndings suggest that rab3a and
SNARE proteins play a part in melanosome dynamics.
MATERIALS AND METHODS
Antibodies and other reagents Polyclonal antibodies to rab3a and
VAMP-2, and monoclonal antibodies to a-SNAP were obtained from
StressGen Biotechnologies (Victoria, Canada); polyclonal antibodies to
SNAP-23 were obtained from Synaptic Systems (Gottingen, Germany);
monoclonal antibodies to SNAP-25 were obtained from Chemicon
International (Temecula, CA); and monoclonal antibodies to syntaxin-4
and rabphilin-3a were obtained form Transduction Laboratories
(Lexington, KY). Positive controls for western blotting for rab3a,
VAMP-2, a-SNAP, and rabphilin-3a consisted of mouse brain tissue
extracts (StressGen Biotechnologies); positive controls for western blotting
for syntaxin-4 and SNAP-23 consisted of cultured human endothelial cell
extracts (Transduction Laboratories). Human endothelial cells were derived
from aortic endothelium and were cultured in Dulbecco's minimal essential
media (Gibco BRL, Gaithersburg, MD) and 10% fetal bovine serum
(Gibco BRL). For dual localization with the melanosomal transmembrane
protein TRP-1 polyclonal antibodies to TRP-1 (clone aPEP1) were used
and were a generous gift of Dr. Vincent Hearing (National Institutes of
Health, Bethesda MD) and have been described previously (Jimenez et al,
1988). a-PEP1 was generated against a fragment of the carboxy terminal of
murine TRP-1 and does not cross-react with human TRP-1 (Jimenez et al,
1988). Monoclonal antibodies to the a1 subunit of the Na+/K+ ATPase
were obtained from Af®nity Biogreagents (Golden, CO); positive controls
for Na+/K+ ATPase consisted of canine skeletal muscle microsomes and
supernatant and were purchased from Af®nity Bioreagents. Goat anti-
mouse IgG and anti-rabbit horseradish peroxidase conjugated antibodies
were obtained from Pierce (Rockford, IL); Texas red-conjugated and
¯uorescein isothiocyanate-conjugated secondary antibodies were purchased
from Molecular Probes (Eugene OR); normal goat serum and normal
rabbit serum and all chemicals were obtained from Sigma (St Louis, MO).
Cell culture and irradiation of cells B16F10 murine melanoma cells
were obtained from American Type Culture Collection (ATCC) and were
maintained in Dulbecco's minimal essential media + 10% fetal bovine
serum. B10BR murine immortalized melanocytes were a generous gift of
Dr. Ruth Halaban (Yale University School of Medicine) and were
maintained in Ham's F-10 media (Gibco BRL) supplemented with 10%
horse serum, 50 ng per ml TPA (Sigma), 2% fetal bovine serum, and 50 mg
per ml gentamycin (Gibco BRL). HaCat cells (human immortalized
keratinocytes) were obtained from ATCC and were maintained in
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Dulbecco's minimal essential media + 10% fetal bovine serum. Human
keratinocytes were cultured from newborn foreskins as previously
described (Scott and Haake, 1991) in keratinocyte growth media
(Clonetics, San Diego, CA). The source of UV irradiation was a 1000 W
Oriel Xenon Arc Solar Simulator with UVC WG320 and visible cut-off
®lter UG11, beam turner, and cooling fan. This radiation source emits
electromagnetic radiation from 295 nm (UVB) to 400 nm (UVA) and
produces 3.75 3 10±3 W per cm2. An IL1700 radiometer and SED400
sensor probe purchased from International Light (Newburyport, MA)
monitored the output. The desired dose of UV radiation (1.1 J per cm2) was
obtained by irradiating the cells for 5 min. During UV irradiation, medium
was replaced with phosphate-buffered saline containing Ca2+ and Mg2+.
The phosphate-buffered saline was then replaced with growth medium.
Subcellular fractionization and coimmunoprecipitation Cells were
collected by trypsinization and homogenized in hypotonic homogenization
buffer (10 mM Tris±HCl, 10 mM KCl. 1 mM ethyleneglycol-bis-(b-
aminoethylether)-N,N,N¢,N¢-tetraacetic acid, 0.05 mM MgCl2) using a
Dounce homogenizer on ice. The homogenate was centrifuged at 2000 3 g
at 4°C for 10 min to obtain a postnuclear supernatant. The postnuclear
supernatant was centrifuged at 89,000 3 g at 4°C for 20 min and the
membrane fraction was resuspended in immunoprecipitation buffer
(20 mM HEPES, 100 mM KCl, 2 mM ethylenediamine tetraacetic acid,
1% Triton-X-100). Protein was quantitated as described below and was
precleared by the addition of protein A-Sepharose (Amersham Pharmacia
Biotech, Uppsala, Sweden). VAMP-2 and SNAP-23 antibodies or normal
rabbit serum were precoupled to protein A-Sepharose and precoupled
antibodies were then added to the membrane lysate overnight.
Immunoprecipitated proteins were analyzed on 15% SDS-PAGE gels as
described below.
Immuno¯uorescence microscopy and western blotting For
immuno¯uorescence microscopy, cells were plated at 105 cells per well
into two well chamber slides (Nalge Nunc International, Naperville, IL).
Cell monolayers were ®xed in cold methanol/acetone (1:1) and nonspeci®c
binding of antibody was blocked by incubation of the slides in 10% normal
goat serum. Primary antibodies were applied overnight at 4°C followed by
incubation with appropriate Texas red or ¯uorescein conjugated secondary
antibodies for 1 h at room temperature. Stained cells were viewed using a
Nikon Eclipse E800 immuno¯uorescence microscope equipped with a
Spot Cooled color digital camera (Diagnostic Instruments, Sterling
Heights, MI) for photography. Protein samples were quantitated using
the Bio-Rad Dc protein assay kit (Bio-Rad Laboratories, Hercules, CA)
with bovine serum albumin as a standard. Equal amounts of protein (25±
50 mg) were electrophoresed on SDS-PAGE gels and transferred to
nitrocellulose membranes (Bio-Rad). Full range rainbow molecular
weight markers were purchased from Amersham Life Sciences (Arlington
Heights, IL). Prior to blocking, the membrane was stained with 2%
Ponceau S for veri®cation of protein loading. Nonspeci®c binding to
membranes was blocked by 5% nonfat dry milk in Tris-buffered saline
[20 mM Tris±HCl, 137 mM NaCl, 0.1% Na azide, and 0.1% (vol/vol)
Table I. Primers used in this studya
Keratinocytic cells Primer position B16F10/B10BR Primer position
and product size and product size
VAMP-1 5¢-CCCCCTGGCCCTCCTCCTAAC bp 61±340 5¢-CCTGGTGGGGGTCCTCCTG bp 49±149
5¢-TACAATAACTACCACGATGAT (279) 5¢-CACGCATGATGTCCACCACCTC (100)
VAMP-2 5¢-CAGGCCCAGGTGGATG bp 106±337 5¢-GCTGCCACCGTCCCGCCT bp 13±343
5¢-AACTATGATGATGATGAG (231) 5¢GAAGTAAACTATGATGATGATG (330)
Synaptotagmin 5¢-AGCCCCGCCTGTCACCAC bp 60±547 5¢CGTTAAGATTGAAGAAAGGAGA bp 150±445
5¢-GTCCAAGGCGGGCAGTTCAG (487) 5¢AGAAGGACCGCAATATGGCTAT (295)
SNAP-25 5¢-CCTCTGCATCTGCCCTTGTAATA bp 100±602 5¢-CAACAATTTAGGAATGCTCAA bp 1121±1407
5¢-CACCACTGGCTGCTCCTGTAG (502) 5¢TTTCTTTAAGTAGGATCTAAAAG (286)
SNAP-23 5¢-TCGCCCGCTTGAGTTTTGATT bp 75±513 5¢-GCCTCTGCATCTGCCCTTGTA bp 242±532
5¢-CCACCACTGACTGCTCCTGTTGTT (438) 5¢ATTTCATTGCCCATATCCAGAGC (290)
Synt-1 5¢-CTCCGGGGTGCCAACGAATGAAC bp 218±692 5¢GAGAGCCAGGGGGAGATGATTG bp 679±1121
5¢-GGCCCGCCCAGACACTCCTAAGC (474) 5¢CTGCCCACTGCTGTACCGACCAC (442)
Synt-4 5¢-CGAATACCGGGAGAAGAACG bp 438±884 5¢TGGGCAGAGTGAGGTGTTTGTG bp 384±601
5¢-G\CTGTGACGCCAATGATGACT (446) 5¢GTAGTCGGCCGAGCTCAGGATG (217)
Rab3a 5¢-TTCCTCTTCCGCTATGCTGACGAC bp 151±650 5¢-AGCGGATCCCTATGTGAA bp 243±658
5¢-CCTGCTTGGCGCCTGTGACC (499) 5¢-GCCCTGCTGCGTGCTGTA (415)
Rabphilin ND 5¢-AGCCGCCCGGGATTCTGAG bp 821±1319
5¢-AGTCCCTTCGCCCTGATGATGG (498)
aThe bases encompassed by each primer pair within the cDNA are indicated, as is the product size. ND, not done. Each PCR cycle included denaturation for 30 s at
94°C, annealing of primers at 60°C for 45 s, and extension at 72°C for 1 min.
Figure 1. Reverse transcription±PCR of HaCat RNA for SNARE
products. Bands of the expected size for VAMP-1 (1), syntaxin-4 (2),
VAMP-2 (4), and SNAP-23 (6) are ampli®ed from HaCat cDNA by
reverse transcription±PCR analysis. GAPDH PCR product is shown in
lane 3. A negative control consisting of GAPDH primers but no DNA is
shown in lane 5. Shown is a 1% agarose gel stained with ethidium bromide;
a 100 bp DNA ladder is on the left of each gel.
Figure 2. Reverse transcription±PCR analysis of B10BR RNA for
rab3a and SNARE products. Bands of the expected size for rab3a
(lane 1), VAMP-2 (lane 3), SNAP-23 (lane 4), SNAP-25 (lane 5), and
syntaxin-4 (lane 6) are ampli®ed from B10BR cDNA by reverse
transcription±PCR analysis. A PCR product for rabphilin (lane 2) was
not detected; GAPDH PCR product is shown in lane 7. A negative
control consisting of GAPDH primers but no DNA is shown in lane 8.
Shown is a 1% agarose gel stained with ethidium bromide; a 100 bp
DNA ladder is on the left.
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Tween-20]. Filters were placed in the primary antibody overnight at 4°C.
Membranes were washed in 10 mM Tris±HCl, 150 mM NaCl, 0.1%
Tween-20, and placed in horseradish peroxidase-conjugated secondary
antibody for 1 h at room temperature. Visualization of the immunoreactive
proteins was accomplished with an enhanced chemiluminescence reaction
(Amersham Life Sciences) by exposing the membranes to Kodak XAR
®lm.
Melanosome isolation Melanosomes were isolated from B16F10 cells
by sucrose density ultracentrifugation as previously described (Seiji et al,
1963), with some minor modi®cations. Cells were collected by
trypsinization and washed with cold 0.25 mM sucrose. All following steps
were performed at 4°C. Cells were disrupted by Dounce homogenization
and a postnuclear supernatant was generated by centrifugation as described
above. The postnuclear supernatant was layered on to a sucrose gradient
and centrifuged at 85,000 3 g for 1 h. The melanosome-rich fraction was
collected from the 2 M layer of the gradient, washed in 0.25 M sucrose/
10 mM HEPES buffer and lysed in buffer (150 mM NaCl, 10 mM Tris±
HCl, pH 7.8, 1% Triton-X) plus protease inhibitors (Complete TM Mini,
Boehringer Mannheim, GmdH, Germany). To verify the purity of the
preparation, transmission electron microscopy was performed on
the melanosome-enriched fraction (see below).
Electron microscopy Isolated melanosomes were suspended in a 4%
agarose/0.25 M sucrose solution and ®xed in 2.5% glutaraldehyde at
pH 7.2, followed by ®xation in 1% osmium tetroxide. After dehydration
through graded ethanol baths, the agarose pellet was embedded in Spurr
epoxy resin. Thin sections were stained with uranyl acetate and lead citrate
and were photographed using a Hitachi 7100 electron microscope.
cDNA synthesis, polymerase chain reaction, competitive
polymerase chain reaction Total RNA was extracted from cells
grown in 100 mm dishes (70±80% con¯uent) using Trizol (Gibco BRL)
according to the manufacturer's instructions. Total RNA (50 mg) was
treated with DNase I (Sigma) and RNA was reverse transcribed. PCR was
performed with PCR supermix (Gibco BRL) according to the
manufacturer's instructions using 10 mM of each primer. Primers for
ampli®cation of SNARE and rab3a/rabphilin cDNA were designed by
DNA Star software program using the mRNA sequence obtained from the
National Center for Biotechnology Information Data Base and are listed in
Table I. Because of the homology of SNAP-23 and SNAP-25, these PCR
products were cloned into TOPO II vector (Invitrogen, Carlsbad, CA)
according to the manufacturer's instructions and sequenced using the
University of Rochester's core sequencing facility. PCR ampli®cation was
carried out for 20 cycles. Each cycle included denaturation for 30 s at 94°C,
annealing of primers at 60°C for 45 s, and extension at 72°C for 1 min.
PCR products were separated on a 1% agarose gel. DNA ladder was
obtained from Gibco BRL.
Figure 3. Electron micrograph of melanosomes isolated by sucrose
density ultracentrifugation and used for analysis of rab3a and
SNARE expression. Stage II (arrow) and stage III (arrowhead) melano-
somes are present. Original magni®cation: 3 12,000 (a, b); 3 20,000 (c).
Figure 4. SNARE proteins and rab3a are pre-
sent in enriched melanosome fractions. (A)
Representative western blots of melanosome ex-
tracts blotted for VAMP-2, SNAP-23, SNAP-25,
rab3a, syntaxin-4 (Synt-4), and a-SNAP. Two se-
parate samples are shown to the right of the posi-
tive controls. (B) Melanosomal enriched fractions
do not express the membrane protein Na+/K+
ATPase. To ensure that melanosomal preparations
used for western blotting are not contaminated
with plasma membrane proteins, membrane frac-
tions (MF) and melanosome fractions (MS) were
prepared from B16F10 cells as described in Materi-
als and Methods and protein extracts were resolved
on a 10% sodium dodecyl sulfate±polyacrylamide
gel and blotted for Na+/K+ ATPase protein. A
positive control, consisting of canine skeletal mus-
cle microsomal extract, is shown on the right. (C)
SNAP-23 and syntaxin-4 are expressed by HaCat
cells. Representative western blots of whole cell
extracts of HaCat cells blotted for SNAP-23 and
syntaxin-4 (Synt-4). Two separate samples are
shown to the right of the positive control. Results
for human keratinocytes were identical and are
not shown.
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Quantitation of rab3a mRNA levels was performed using competitive
PCR as previously described (Becker-Andre and Hahlbrock, 1989;
Gilliland et al, 1990). An internal homologous DNA standard was
constructed with the same primer template as the target cDNA. Stock
solutions of serial dilutions (10±10±4 fmol) of the competitor was added to
the PCR ampli®cation reactions containing constant amounts (1 mg) of
cDNA sample and 10 mM of each primer. After ampli®cation the reaction
product was resolved on a 1% agarose gel and stained with ethidium
bromide. Construction of the rab3a competitor was accomplished as
follows. PCR was used to amplify a fragment of the rab3a cDNA (417 bp)
using the primers listed in Table I. The PCR product was cloned into
TOPO II vector (Invitrogen, Carlsbad, CA) according to the manufac-
turer's instructions. A truncated construct was made by deleting a portion
of the rab3a cDNA (212 bp) by digestion with BsrG1 and Nde. The 5¢ and
3¢ ends of the truncated rab3a construct were re-ligated and used as a
competitor in quantitative PCR reactions.
RESULTS
Analysis of vesicle traf®cking components in keratinocyte
and melanocytic cells Results of PCR reactions are
illustrated in Figs 1 and 2. Reverse transcription±PCR analysis
demonstrated a single PCR product of the expected size each
for syntaxin-4, SNAP-23, VAMP-2, and VAMP-1 in HaCat
RNA (Fig 1). Results for keratinocytes were the same and are
not shown. VAMP-1a and VAMP-1b are identical except for
the carboxyl-terminal ®ve amino acids. Our primers do not
encompass this portion of the VAMP-1 message and, therefore,
we are unable to determine if the amplicon present in human
keratinocytic cells is VAMP-1a or VAMP-1b; however, it is
likely to represent the VAMP-1b isoform, as this isoform is
expressed in non-neuronal tissues, whereas the VAMP-1a
isoform has been identi®ed only in neuronal cells (Isenmann
et al, 1998). Human keratinocytic cells did not express
detectable message for synaptotagmin, syntaxin-1, rab3a, or
SNAP-25 (data not shown). We did not study rabphilin
expression in human keratinocytic cells because the human
cDNA had not been cloned. By reverse transcription±PCR
analysis, B10BR cells demonstrated a single product of the
expected size for rab3a, VAMP-2, SNAP-23, SNAP-25, and
syntaxin-4. Figure 2 illustrates the results from B10BR cells;
results for B16F10 cells were identical and are not shown.
Because of the high homology between SNAP-23 and SNAP-
25, PCR products of SNAP-23 from keratinocytic cells, and
SNAP-23 and SNAP-25 from melanocytic cells were cloned
into TOPO II vector and sequenced. Sequencing veri®ed their
identity; sequencing of the melanocytic SNAP-25 amplicon
revealed that it represents the SNAP-25b isoform. VAMP-1,
syntaxin-1, synaptotagmin, and rabphilin were not detected in
murine melanocytic cells.
We next examined the expression of SNARE proteins and rab3a
and rabphilin by western blotting of melanosome-enriched
fractions and in HaCat and human keratinocyte cell whole lysates.
The purity of the melanosome-enriched fraction was con®rmed by
transmission electron microscopy (Fig 3). Enriched melanosomal
fractions expressed VAMP-2, SNAP-25, SNAP-23, syntaxin-4,
and rab3a by western blotting (Fig 4A), but not rabphilin or
syntaxin-1 (not shown). Melanosomes also expressed the SNARE
accessory protein a-SNAP (Fig 4A). To rule out the possibility
that the detected proteins resulted from contamination of the
melanosome preparation by plasma membrane, melanosome-
enriched fractions were assayed for expression of the a1 subunit
of the Na+/K+-ATPase protein, a plasma membrane protein,
which was negative (Fig 4B). Whole cell extracts of HaCat cells
expressed syntaxin-4 and SNAP-23 by western blotting (Fig 4C).
They did not express syntaxin-1, SNAP-25, rab3a, or rabphilin
(not shown). Results for human keratinocytes were identical and
are not shown. After prolonged exposure, a faint band for VAMP-2
was detected in HaCat and keratinocyte cell extracts, but it was
much weaker than that observed for melanosomes (not shown). In
summary, rab3a and a broad array of SNARE proteins and the
accessory protein a-SNAP are present within melanosome extracts
whereas keratinocytes express a more limited panel of SNARE
proteins.
Figure 5. Immuno¯uorescence localization of SNARE proteins in
melanocytic and keratinocytic cells. Syntaxin-4 is expressed in a
punctate pattern in melanocytic cells with concentration along the dendrite
membrane (a: ¯uorescein isothiocyanate label). Antibodies to TRP-1 show
a similar distribution (b: Texas-red label) and colocalization is demonstrated
by overlay of the red and green labels (c). VAMP-2 immunoreactivity was
concentrated around the perinuclear area in a distinct ring-like pattern (d;
arrowhead); SNAP-23 was present throughout the cell body and dendrites in
a discrete granular pattern (e). Syntaxin-4 was distributed in a peripheral
membrane pattern in keratinocytes in vitro (f). Scale bar: 9 mm.
Figure 6. Localization of rab3a is primarily perinuclear in B16F10
cells. Rab3a immunoreactivity is strongly concentrated in the perinuclear
region (a,b). Double labeling for TRP-1 and rab3a (c) shows colocalization
of rab3a and TRP-1 in the perinuclear area (yellow overlay), but
melanosomes in the dendrites do not coexpress rab3a. Cells stained with
normal rabbit serum as a control (d) do not show speci®c staining. Scale bar:
9 mm.
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Distribution SNARE proteins in melanocytic and
keratinocytic cells We next determined the localization of
SNARE proteins in melanocytic and human primary
keratinocytes and HaCat cells by immuno¯uorescence
microscopy (Fig 5). B16F10 cells expressed syntaxin-4 along
the cell membrane of the dendrite (Fig 5a) and in a punctate
pattern consistent with localization to melanosomes. Distribution
of syntaxin-4 was similar to the melanosome-speci®c protein
TRP-1 (Fig 5b) and dual labeling revealed colocalization of
syntaxin-4 and TRP-1 staining (Fig 5c). VAMP-2 exhibited a
ring-like pattern of immunoreactivity, very similar to that
observed for TRP-1 staining on melanosomes (Fig 5d), but no
staining of the plasma membrane. SNAP-23 immunoreactivity
was present in a discrete punctate pattern in the cytosol of the
cell body, and in the dendrite (Fig 5e). Syntaxin-4 was
expressed by human primary keratinocytes in a peripheral
membrane pattern (Fig 5f). Results for HaCat cells were
identical and are not shown. Despite several attempts we
were unable to identify SNAP-25 in melanocytic cells by
immuno¯uorescence microscopy with the antibodies available to
us. We next focused our investigation into the regulation of
rab3a by UV radiation and SNARE complex formation in
irradiated melanocytic cells.
Distribution of rab3a in melanocytic cells In B16F10 cells,
the majority of rab3a is present around the nucleus in a distribution
that suggests localization to the Golgi apparatus (Fig 6a, b). Double
immuno¯uorescence labeling of B16F10 cells with rab3a antibodies
and antibodies to TRP-1 showed colocalization of rab3a and TRP-
1 in the perinuclear area (Fig 6c). Melanosomes in the dendrites
and in the dendrite tips, highlighted by TRP-1 antibody, did not
express rab3a. Cells stained with normal rabbit serum did not show
any speci®c staining (Fig 6d).
Regulation of rab3a by UV radiation To determine if
melanosomal rab3a protein levels were regulated by UV
radiation, B16F10 cells were irradiated with a solar simulator
(1.1 J per cm2) and melanosomes were isolated 30 min, 2 h, and 24 h
later and rab3a protein levels were determined by western blot
analysis. Rab3a was markedly decreased at 30 min and 2 h following
irradiation, and had returned to baseline levels by 24 h (Fig 7A).
Regulation of rab3a message levels in response to UV radiation was
assessed by competitive PCR using a homologous DNA fragment
with the same primer binding sites as the target mRNA for rab3a as
a competitor. Following irradiation with a single dose of UV
radiation (1.1 J per cm2) rab3a mRNA levels were decreased
approximately 10-fold at 2 h and 6 h, with return to control levels
after 24 h (Fig 7B). Rab3a mRNA levels 30 min following UV
irradiation were similar to control levels. To determine whether
rab3a distribution was altered following UV irradiation B16F10
cells were irradiated as described above and rab3a protein was
detected by immuno¯uorescence 30 min, 2 h, 6 h, and 24 h later.
Whereas the intensity of rab3a immunoreactivity decreased 30 min
and 2 h after irradiation no change in the distribution of rab3a
immunoreactivity was detected. Speci®cally, rab3a remained
concentrated in the perinuclear area with some focal rab3a-
staining in the dendrites (data not shown). We also determined if
UV irradiation would result in the regulation of SNAP-23,
syntaxin-4, VAMP-2, and SNAP-25 at the protein level. In
contrast with rab3a, western blots of melanosome extracts did not
show any changes in expression of any of these proteins. Results for
SNAP-23 are illustrated in Fig 7(C); results for SNAP-25, VAMP-
2, and syntaxin-4 were similar and are not shown. To determine if
syntaxin-4 and SNAP-23 were regulated by UV radiation in
keratinocytes, HaCat or human keratinocytes were irradiated as
described above and levels of syntaxin-4 or SNAP-23 in whole cell
extracts were analyzed by western blotting. There was no
perceptible change in the levels of syntaxin-4 or SNAP-23 in
either keratinocytes or HaCat by the dose of UV radiation used
(not shown).
Association of VAMP-2 and SNAP-23 in B16F10 membrane
fractions In non-neuronal cells, VAMP-2, SNAP-23, and
syntaxin-4 have been shown to associate in vivo (Ravichandran
et al, 1996; Olson et al, 1997). To determine if these proteins are
bound together in melanocytic cell membranes, and if UV
radiation regulates their association, VAMP-2 or SNAP-23 was
immunoprecipitated from Triton-X-100-solubilized B16F10
membrane fractions using anti-VAMP-2 or anti-SNAP-23
antibodies, respectively. The presence of associated SNAP-23,
VAMP-2, and syntaxin-4 was then assessed by immunoblotting
(Fig 8A, B). VAMP-2 and SNAP-23 were associated in mem-
brane fractions of B16F10 cells as demonstrated by
coimmunoprecipitation of each protein by the respective
Figure 7. Melanosomal-associated rab3a protein levels are de-
creased by UV radiation. A single dose of UV radiation from a solar
simulator results in a decrease in rab3a protein levels in enriched
melanosome fractions after 30 s and 2 h. Levels return to normal by 24 h.
(A) The membrane stained with Ponceau S prior to blotting. Results
shown are representative of three separate experiments. Rab3a is regulated
at the transcriptional level by UV radiation. (B) Competitive PCR for
rab3a message at 30 s, 2 h, 6 h, and 24 h after a single dose of UV radiation.
A homologous fragment of DNA (205 bp) with the same primer binding
sites as the target rab3a PCR product (417 bp) was used as a competitor in
10-fold dilutions from 1 to 10±5 fmol. The asterisks indicate the point at
which the concentration of the competitor and the target cDNA are equal.
(C) SNAP-23 is not regulated at the protein level by UV irradiation. A
single dose of UV radiation from a solar simulator had no effect on SNAP-
23 protein levels in enriched melanosome fractions at any of the time points
tested. Shown below is the membrane stained with Ponceau S prior to
blotting. Results shown are representative of three separate experiments.
Results for SNAP-25, syntaxin-4 and VAMP-2 were similar and are not
shown.
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antibody. The association of SNAP-23 and VAMP-2 was not
affected by UV radiation. Neither VAMP-2 nor SNAP-23
antibodies immunoprecipitated syntaxin-4 from B16F10
membranes (data not shown).
DISCUSSION
In this study we report that rab3a and SNARE proteins are present
in enriched melanosome fractions, and that UV radiation regulates
rab3a at the protein and mRNA level. Further, VAMP-2 and
SNAP-23, SNARE proteins identi®ed in enriched melanosome
preparations, are associated with melanocytic cell membranes. We
also show that melanosomes contain the SNARE accessory protein,
a-SNAP. a-SNAP is required for the stimulation of NSF ATPase
activity and disassembly of the 20S SNARE complex, and has been
show to be a necessary cofactor for exocytosis in chromaf®n cells
(Barnard et al, 1997). We also show that keratinocytes express the
target SNARE SNAP-23 and syntaxin-4. Taken together, these
results suggest that rab3a and SNARE proteins may be involved in
the process of melanosome transport and transfer to keratinocytes.
Rab3a function has been described primarily in synaptic vesicle
exocytosis, a rapid, calcium dependent process, and its role in
melanosome transport and/or transfer to keratinocytes, is unclear.
Based on our preliminary observations of human melanosome
transfer to keratinocytes using time lapse photography on
melanocyte±keratinocyte cocultures, we have observed that
melanosome transfer occurs relatively slowly (about 1.5 h) and
involves a mechanism in which melanosomes traverse long slender
cell processes and are ``injected'' into keratinocytes (personal
observations). This is clearly a different mechanism from synaptic
vesicle release and how rab3a participates in this process remains to
be determined. Yunes et al (2000) recently demonstrated the
presence of rab3a on human spermatozoa, and established a role for
rab3a in the regulated exocytotic process of acrosomal membrane
fusion with sperm plasma membrane. Iida et al (1999) also showed
the presence of rab3a on acrosomal membranes and showed that
rab3a functions in an inhibitory fashion in acrosome membrane
fusion. Therefore, rab3a appears to function in a variety of models
of exocytosis, from rapid synaptic vesicle transmission, to regulated
exocytosis (a slower process) in endocrine and nonendocrine cells.
Another clear difference observed between melanocytes and
neuronal cells is the absence of detectable transcripts for
synaptotagmin. We studied the expression of synaptotagmin in
melanocytic cells because it regulates SNARE assembly, and
synaptic vesicle membrane fusion, in a Ca2+-dependent manner.
Whereas the signaling intermediates of melanosome transport and
transfer are unknown, hormonal regulation of melanosome transfer
by hormones that stimulate Ca2+ in¯ux into the cell, such as
endothelin-1 are likely to be involved in melanosome transport
(Imokawa et al, 1996). In addition, melanocytes are neural crest
derived cells that share many proteins with other neural cells, so it is
somewhat surprising that synaptotagmin is not expressed by
melanocytic cells. This may re¯ect the fact that synaptotagmin
functions as a Ca2+ sensor for synaptic vesicle release, which is a
rapid process, whereas melanosome transfer is a much slower
biologic process.
The majority of functional studies on rab3a suggest that it is an
inhibitory molecule in regulated exocytosis (Johannes et al, 1994;
Annaert et al, 1997; Geppert et al, 1997) and there are several pieces
of evidence that point to an inhibitory role for rab3a in
melanosome transport. Dual localization studies with melanosomal-
speci®c antibodies show that rab3a associates with melanosomes
in the peri-Golgi area. This is similar to small synaptic vesicles,
where rab3a associates with vesicle membranes in the trans-Golgi
network (Li et al, 1995). We did not observe rab3a on
melanosomes at the dendrite tip, which suggests to us that loss
of rab3a expression is positively associated with melanosome
progression down the melanocyte dendrite, rather than in the
terminal stage of melanosome transfer to keratinocytes. The
observation that UV radiation rapidly downregulates expression
of rab3a in enriched melanosome fractions is further circum-
stantial support of a role for rab3a in inhibiting melanosome
transport. Skin darkening in response to UV radiation can be
divided into an ``immediate tanning'' and a ``delayed tanning''
response. The ``immediate tanning'' response occurs within
15 min of exposure to either long UV (320±400 nm) or visible
radiation (400±700 nm), and results from redistribution of
melanosomes from the perinuclear area to the dendrite tip and
to increased transfer to keratinocytes (Pathak et al, 1965, 1978).
The rapid downregulation of rab3a protein in enriched melano-
some fractions at 30 min and 2 h following UV exposure suggests
that reduction in rab3a protein may play a part in the immediate
tanning response through release of an inhibitory signal for
melanosome transport to the dendrite tip. Competitive PCR
analysis indicates that rab3a message levels are decreased at 2 h
and 6 h following UV irradiation, but are not decreased at
30 min, a time point at which rab3a protein is decreased. These
results suggest the possibility that rab3a regulation involves a rapid
decrease in mRNA translation 30 min after irradiation, followed
by a decreased transcription or decreased message stability at 2 h
and 6 h. Others have observed regulation of rab3a at the protein
level in response to long-term estrogen therapy in rat pituitary
glands (Majo et al, 1999). Currently we are exploring the role of
rab3a in melanosome movement through the use of anti-sense
technology and overexpression vectors. Despite several attempts,
we were unable to identify rabphilin on melanosomal prepara-
tions, or whole cell extracts, even when large amounts of protein
Figure 8. Antibodies to VAMP-2 coimmu-
noprecipitate VAMP-2 and SNAP-23 from
B16F10 membrane fractions. (A) B16F10 cells
were irradiated with 1.1 J per cm2 and 2 and 24 h
later VAMP-2 was immunoprecipitated. VAMP-2
immunoprecipitates were resolved on a 15% SDS-
PAGE and the membrane was cut and blotted for
SNAP-23 and VAMP-2. SNAP-23 was coimmu-
noprecipitated with VAMP-2 in each of the three
samples. Positive controls for VAMP-2 and
SNAP-23 western blots are mouse brain extract
and endothelial cell extract, respectively. Results
are representative of three separate experiments.
(B) Same experiment as described above except
SNAP-23 antibodies were used for immuno-
precipitation and the membrane was blotted
for VAMP-2 and SNAP-23. VAMP-2 was co-
immunoprecipitated with SNAP-23 in the three
samples. NRS: normal rabbit serum control.
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were loaded on to the gel. It is possible that rabin3 or some other
as yet unidenti®ed protein functions as a rab3a effector molecule
in melanocytic cells.
Wu et al (1998) recently showed that melanosomes undergo
rapid microtubule dependent movement to the periphery, where
they are captured by myosin V in the actin-rich periphery of the
dendrite. Melanosome movement is rapid and bidirectional,
suggesting that both plus end (kinesins) and minus end (dynein)
motors are involved in melanosome dynamics. A link between rab
proteins and the microtubule and actin cytoskeleton has been
provided by several recent reports, suggesting a role for rab proteins
in coordinating vesicle transport along the cytoskeleton with
molecular motors. A kinesin-like protein has been identi®ed that
binds to the effector domain of rab6, a rab protein involved in
vesicle transport through the Golgi apparatus (Echard et al, 1998).
This protein (rabkinesin-6), interacts only with GTP-bound rab6,
and localizes to microtubules. Thus, rab proteins may act with
effector molecules with properties of molecular motors to regulate
the intracellular transport of vesicles. It is intriguing to speculate
that rab3a may regulate melanosome dynamics along microtubules
through similar, as yet unidenti®ed effector molecules.
Melanosome-enriched fractions contain both vesicle SNARE
(VAMP-2) and target SNARES (SNAP-25, SNAP-23, and
syntaxin-4). The presence of target SNARES on vesicles has been
reported by Guo et al (1998), who showed that SNAP-23 relocates
from the plasma membrane to mast cell granules following
stimulated exocytosis and that relocation of SNAP-23 was a
prerequisite for secretion. Recently, Fasshauer et al (1998) used
protein modeling to show that the core SNARE complex consists
of four helix bundles contributed by one SNARE containing an
argenine (R-SNARE) and three SNARE containing a glutamine
(Q-SNARE) in a highly conserved region of the molecule. Yang
et al (1999) showed that SNARE interactions are not selective and
that some SNARE proteins in the core complex were interchange-
able. Thus, SNARE complexes may potentially contain a variety of
vesicle and target SNAREs. In an initial attempt to identify
SNARE protein association in melanocytic cells, we determined if
VAMP-2, SNAP-23, and syntaxin-4 were associated in membrane
fractions of irradiated B16F10 cells using immunoprecipitation. We
used whole membrane fractions because these fractions contain
both melanosomal membranes and plasma membrane and we
wished to identify potential SNARE associations between both
melanosome±melanosome fusion events and melanosome±mem-
brane fusion events. VAMP-2 and SNAP-23 are associated in
B16F10 cells in both irradiated and nonirradiated cells. The
amounts of coimmunoprecipitated SNAP-23 and VAMP-2 were
unchanged by the dose of UV radiation used. We were unable to
identify syntaxin-4 in VAMP-2 or SNAP-23 immunoprecipitates.
Whereas SNAP-23 has been shown to heterodimerize with
syntaxin-4 in adipocytes and other non-neuronal cells, it has also
been shown to heterodimerize with syntaxins 1, 2, and 3
(Ravichandran et al, 1996; Olson et al, 1997; Galli et al, 1998).
Platelet granule exocytosis is mediated by SNAP-23 and syntaxin-
2, which form complexes in vivo in platelet cell extracts (Chen et al
2000). The absence of syntaxin-1 in melanocytic cells by both
PCR analysis and western blotting essentially eliminates this
syntaxin isoform as a SNARE target protein for melanosome
transport. We think it is likely that VAMP-2 on melanosomes
interacts with SNAP-23 and an as yet to be identi®ed syntaxin on
the melanocyte membrane to facilitate membrane fusion of the
melanosome with the plasma membrane of the dendrite; this is
based on the data obtained from immunoprecipitation studies,
immuno¯uorescence microscopy, and western blotting of melano-
some extracts. The presence of VAMP-2 on melanosomes, and
SNAP-23 on both melanosomes and the plasma membrane of the
dendrite would be consistent with this hypothesis. Following
fusion, melanosomes may be released into the extracellular space, to
be taken up by keratinocytes either through phagocytosis, or
through a membrane fusion event involving keratinocyte-derived
SNARE proteins with melanosome-derived SNARE proteins.
Immuno¯uorescence microscopy showed that both HaCat and
human keratinocytes express syntaxin-4 in a peripheral membrane
pattern in vitro. The presence of syntaxin-4 on keratinocyte
membranes suggests the possibility that membrane fusion with
cognate SNARE proteins on either melanosome membranes or
melanocyte dendrite membranes may function in melanosome
transfer. We are currently performing experiments to de®ne
precisely the components of the SNARE complex in melanocytic
cells, and the role of keratinocyte-derived SNAREs in melanosome
transfer.
The authors acknowledge the help of Ms Karen Jensen in the performance of electron
microscopy.
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